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Notch signaling mediates communication be-
tween cells and is essential for proper embry-
onic patterning and development. CSL is a
DNA binding transcription factor that regulates
transcription of Notch target genes by interact-
ing with coregulators. Transcriptional activation
requires the displacement of corepressors from
CSL by the intracellular portion of the receptor
Notch (NotchIC) and the recruitment of the
coactivator protein Mastermind to the complex.
Here we report the 3.1 A˚ structure of the ternary
complex formed by CSL, NotchIC, and Master-
mind bound to DNA. As expected, the RAM do-
main of Notch interacts with the b trefoil domain
of CSL; however, the C-terminal domain of CSL
has an unanticipated central role in the interface
formed with the Notch ankyrin repeats and
Mastermind. Ternary complex formation in-
duces a substantial conformational change
within CSL, suggesting a molecular mechanism
for the conversion of CSL from a repressor to an
activator.
INTRODUCTION
First characterized in D. melanogaster and C. elegans, the
Notch signal transduction pathway is an essential com-
ponent of metazoan cell differentiation and proper organ-
ism development (reviewed in Artavanis-Tsakonas et al.,
1999). Signaling occurs between cells in which extracel-
lular receptor-ligand interactions are transduced into
changes in gene expression via the conserved transcrip-
tion factor CSL (reviewed in Mumm and Kopan, 2000).
Notch signalling largely results in cellular differentiation
but also has important roles in proliferation, apoptosis,
and the maintenance and self-renewal of stem cells
(Artavanis-Tsakonas et al., 1999; Bonde et al., 2004). Mis-
regulation of the Notch pathway is directly associated withcancer, vascular disorders, and congenital defects (Grid-
ley, 2003; reviewed in Axelson, 2004).
CSL (CBF-1/RBP-jk, Su(H), Lag-1), named for the mam-
malian, D. melanogaster, and C. elegans orthologous pro-
teins, respectively, is a DNA binding transcription factor
that is required for both repression and activation of Notch
target genes. Pathway signaling occurs when the ligand
DSL (Delta, Serrate, Lag-2) on the surface of one cell inter-
acts with the receptor Notch on a neighboring cell (Mumm
and Kopan, 2000). This interaction triggers two proteolytic
cleavages of Notch, the second of which releases the in-
tracellular portion of Notch (NotchIC) from the membrane.
Subsequently, NotchIC localizes to the nucleus where it
engages CSL converting it from a transcriptional repressor
to an activator (Mumm and Kopan, 2000). In the absence of
a signal, CSL represses transcription of Notch target
genes by recruiting corepressor proteins to form a multi-
protein transcriptional repressor complex (Kao et al.,
1998; Hsieh et al., 1999), which presumably converts the
local chromatin into a transcriptionally silent form. In the
presence of a signal, NotchIC binding to CSL displaces
corepressors from CSL (Kao et al., 1998; Zhou et al.,
2000), leading to the binding of the transcriptional coacti-
vator Mastermind to the complex (Petcherski and Kimble,
2000; Wu et al., 2002). Activation of transcription is thought
to occur by the recruitment of general transcription fac-
tors to the CSL-NotchIC-Mastermind ternary complex
(Kurooka and Honjo, 2000; Fryer et al., 2002; Wallberg
et al., 2002). Hyperphosphorylation of NotchIC and subse-
quent ubiquitin ligase-mediated degradation halts signal-
ing (Fryer et al., 2004). Thus, CSL is the centerpiece of
a transcriptional switch, serving as a hub for protein-
protein interactions with coregulators. The switch from re-
pression to activation is thrown by the formation of the
CSL-NotchIC-Mastermind ternary complex.
Previously, we reported the structural determination for
CSL bound to a cognate DNA (Kovall and Hendrickson,
2004). The structure revealed that CSL is composed of
three integrated domains: the N-terminal domain (NTD),
the b trefoil domain (BTD), and the C-terminal domain
(CTD). The NTD and CTD share structural similarities with
the Rel-homology-region family of transcription factors.
The NTD of CSL interacts with the major groove of DNACell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc. 985
in a similar manner to Rel proteins; however, in contrast to
the Rel family, the BTD contributes to minor groove DNA
binding in a novel manner, and the CTD does not interact
with the DNA at all. The CSL-DNA structural determination
further revealed that the BTD of CSL has an atypicalb trefoil
fold, which results in a large exposed hydrophobic surface
with a distinctive pocket on the BTD, providing a compel-
ling site for interaction with a hydrophobic ligand.
NotchIC consists of at least three domains, the mem-
brane-proximal RAM (RBP-jk-associated molecule) do-
main, followed by seven consecutive ankyrin repeats
(ANK) and a C-terminal PEST sequence. In vitro, NotchIC
interacts strongly with CSL through its RAM domain (Ta-
mura et al., 1995) but only weakly with its ankyrin repeats
(Kato et al., 1997). However, the ankyrin repeats are re-
quired for formation of the CSL-NotchIC-Mastermind
ternary complex (Nam et al., 2003) and transcriptional
activation (Jarriault et al., 1995). The CSL-RAM domain in-
teraction is necessary for signaling in vivo; however, over-
expression of only the NotchIC ankyrin repeats can elimi-
nate the requirement for RAM in some nonbiological
signaling contexts (Kurooka et al., 1998; Jeffries et al.,
2002). Similarly, the CSL-NotchIC-Mastermind ternary
complex can be formed in vitro in the absence of RAM
but requires 300-fold greater amounts of NotchIC ANK
(Nam et al., 2003).
NotchIC RAM domains are approximately 100 residues
long and loosely defined as a region that starts from the g
secretase cleavage site and ends at the first ankyrin re-
peat. In contrast to NotchIC ANK, the sequences of RAM
domains are divergent between disparate organisms ex-
cept for a highly conserved hydrophobic tetrapeptide mo-
tif (FWFP,F= hydrophobic residue) located near the N ter-
minus. The functional importance of this motif in signaling
and binding to CSL has been demonstrated (Tamura et al.,
1995; Kovall and Hendrickson, 2004). Interestingly, the
Epstein-Barr virus protein EBNA2 (Epstein-Barr virus nu-
clear antigen 2) has a similar FWFP motif and is thought
to mimic NotchIC function, i.e., displacing corepressors
from CSL (Hsieh and Hayward, 1995). Work by others
demonstrated that the RAM domain of NotchIC interacts
with CSL primarily through a central region of the protein
(Hsieh et al., 1996), which the CSL-DNA structure showed
corresponds to the BTD (Kovall and Hendrickson, 2004).
Moreover, we demonstrated that a 13-residue peptide de-
rived from theC. elegansNotch ortholog Lin-12 containing
theFWFP motif avidly interacts with the BTDs of CSL from
C. elegans and mouse (Kovall and Hendrickson, 2004). We
hypothesized that the NotchIC RAM domain interacts with
CSL through the FWFP motif, binding to the hydrophobic
pocket on the BTD identified from the CSL-DNA structure
(Kovall and Hendrickson, 2004).
Mastermind is a glutamine-rich transcriptional coactiva-
tor protein that is localized to the nucleus (Doyle et al.,
2000; Petcherski and Kimble, 2000). A short, approxi-
mately 75-residue, N-terminal domain of Mastermind is
required for binding to the CSL-NotchIC complex, which
additionally requires the three conserved domains of986 Cell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc.CSL (NTD, BTD, and CTD) and the ANK domain of NotchIC
(Nam et al., 2003). Mastermind has dual roles of both acti-
vating Notch target gene transcription through the direct
binding of CBP/p300 and promoting hyperphosphoryla-
tion and degradation of NotchIC (Wallberg et al., 2002;
Fryer et al., 2004).
Despite the identification of CSL binding partners, such
as NotchIC and Mastermind, which has resulted in a gen-
eral scheme of CSL-mediated transcriptional regulation
(Mumm and Kopan, 2000), there is a lack of understanding
at the structural level regarding the transcriptional com-
plexes that are formed with CSL and how these complexes
function to regulate transcription of Notch target genes. In
the continuation of our structural studies of CSL, we now
report the 3.1 A˚ crystal structure of the ternary complex
formed by CSL, NotchIC, and Mastermind bound to
a target DNA. The complex structure shows that NotchIC
interacts with CSL through its RAM and ankyrin repeats
domains binding to the BTD and CTD of CSL, respectively.
RAM binding to BTD alters the conformation of a con-
served loop within the BTD, which has functional implica-
tions for corepressor displacement from CSL. Mastermind
interacts with the ankyrin repeats of NotchIC and the CTD
of CSL, forming a three-way protein interface with addi-
tional important contacts made by Mastermind and the
NTD of CSL. Formation of the CSL-NotchIC-Mastermind
ternary complex induces a large structural change in the
orientation of the domains within CSL while maintaining
similar DNA binding contacts and specificity. Our results
provide for a structural understanding of the interactions
that underlie the conversion of CSL from a repressor to
an activator of transcription.
RESULTS AND DISCUSSION
Determining the Structure of the
CSL-NotchIC-Mastermind Complex
To provide a structural explanation for the molecular deter-
minants required for formation of the transcriptionally ac-
tive CSL-NotchIC-Mastermind ternary complex, we used
recombinantly purified components from C. elegans to re-
constitute in vitro, crystallize, and determine the complex
crystal structure for CSL-NotchIC-Mastermind bound to
DNA. Previous structural studies of the CSL-DNA complex
(Kovall and Hendrickson, 2004) and the available literature
pertaining to the domains required for CSL-NotchIC-Mas-
termind ternary complex formation (Nam et al., 2003) aided
in the design of constructs for Notch pathway components
from C. elegans. The C. elegans proteins Lin-12 (Notch),
Lag-1 (CSL), and Sel-8 (Mastermind), also known as
Lag-3, were bacterially expressed, purified to homogene-
ity, and cocrystallized in a complex containing a cognate
DNA. Our NotchIC construct contains both the conserved
RAM (RBP-jk associated molecule) and ankyrin repeat
(ANK) domains. Our Mastermind construct encodes an
amino-terminal domain, which corresponds to the minimal
region of Mastermind necessary for ternary complex as-
sembly (Nam et al., 2003). As described in our previous
structure determination for CSL, we used a Lag-1 con-
struct, which encodes all three conserved and known
functional domains of CSL (NTD, BTD, and CTD) and
a 15-mer DNA duplex containing a single CSL binding
site (Kovall and Hendrickson, 2004). The four components
were mixed in approximately equimolar ratios and
screened for optimum crystallization conditions, resulting
in a reproducible orthorhombic crystal that nominally dif-
fracts to 3.1 A˚ at synchrotron radiation sources. The struc-
ture was determined using a combination of molecular
replacement with known molecular models for CSL-DNA
and NotchIC ankyrin repeats domain and multiple isomor-
phous replacement with anomalous scattering tech-
niques. Our completed crystal structure for the 112 kilo-
Dalton protein-DNA complex, containing all three domains
of CSL, the RAM and ANK domains of NotchIC, and the
N-terminal domain of Mastermind, has been refined to
a Rwork = 27.3% and Rfree = 34.0%.
Overall Structure of the CSL-NotchIC-Mastermind
Complex
The centerpiece of the ternary complex is CSL, which is
composed of three integrated domains: the N-terminal do-
main, the b trefoil domain, and the C-terminal domain. CSL
simultaneously mediates interactions with the RAM and
ANK domains of NotchIC, Mastermind, and DNA (Figure 1).
The RAM domain of NotchIC is in an extended conforma-
tion and interacts with the BTD of CSL; however, only RAM
residues 933–952 are visible within our structure, which re-
sults in 69 residues between RAM and ANK that are disor-
dered and presumably unstructured. Within the ANK do-
main of NotchIC are observed seven consecutive ankyrin
repeats, primarily interacting with the CTD of CSL and
the N-terminal half of Mastermind (Figure 1). The structure
of Mastermind is composed of two long a helices with
a distinct bend centered on Pro86 and an N-terminal ex-
tension that is in an extended conformation (Figure 1).
The N-terminal helix and extension of Mastermind interact
with ANK of NotchIC and the CTD of CSL, whereas the
C-terminal Mastermind helix interacts with a concave
surface on the NTD of CSL formed by its b sheet structure.
As previously described for the crystal structure of DNA
bound CSL, the NTD and BTD combine to provide a sur-
face for nonspecific and specific interactions with the
DNA (Kovall and Hendrickson, 2004). In the CSL-
NotchIC-Mastermind ternary complex, essentially all the
NTD and BTD contacts made with DNA are maintained.
We observe neither any overall changes in the interactions
of NTD and BTD with DNA nor any large differences in the
conformation of the DNA backbone or bases. Alignment of
the DNA backbones from the CSL and CSL-NotchIC-
Mastermind structures results in only a 0.56 A˚ RMSD in
the positions of the overlayed C10 atoms (Kleywegt, 1996).
Thus we suggest that overall DNA binding is not affected
by ternary complex formation; however, due to the limita-
tions in the resolution of our data, we cannot rule out small
changes in side chain or DNA conformations that may
impact affinity or specificity of protein-DNA binding.NotchIC RAM Domain Interaction with CSL
The RAM domain of NotchIC binds to the BTD of CSL in an
extended conformation, tracking along a path over the
conserved BTD hydrophobic surface (Figure 2) that
mimics the missing b hairpin motif from a typical b trefoil
fold (Kovall and Hendrickson, 2004). The RAM domain is
primarily anchored to the BTD by the interaction of its
FWFP motif with the BTD, which directs Trp945 and
Pro947 into the hydrophobic pocket, validating previous
predictions (Figure 2C) (Kovall and Hendrickson, 2004).
Remarkably, a loop within CSL-BTD (residues Leu429-
Gly447), which in the CSL-DNA structure is in an extended
conformation (Kovall and Hendrickson, 2004), reorients
into a more closed compact conformation over the BTD,
forming an antiparallel b sheet with RAM upstream of the
FWFP motif (Figures 2A and 2B). Interestingly, CSL muta-
tions within this BTD loop not only affect RAM interactions
with BTD but also affect the interactions of SMRT (silenc-
ing mediator of retinoid and thyroid receptors)/N-CoR
(nuclear receptor corepressor) and CIR (CBF1 interacting
corepressor) corepressors with CSL (Figure 2B), resulting
in decreased levels of repression (Hsieh and Hayward,
1995; Fuchs et al., 2001). Electrostatic RAM-BTD interac-
tions are also observed, consisting of a conserved stretch
of basic residues Arg936–Arg938 interacting with an elec-
tronegative patch on BTD (Figures 2C and 2D). RAM-ANK
interactions are also observed in which the side chains of
RAM residues Arg933, Arg935, and the main chain atoms
of Thr934 interact with the side chains of Glu1094 (first re-
peat), Glu1158 (third repeat), and Tyr1123 (second repeat)
of NotchIC (Figures 2C and S3D), respectively; however,
these interactions do not appear to be conserved among
higher eukaryotes (Figures 2D and S1). Presumably,
EBNA2 would bind similarly to the BTD of CSL through
its FWFP motif; however, it is unclear whether EBNA2
would also interact with the BTD loop as the correspond-
ing residues required for the antiparallel b strand interac-
tion are not highly conserved among related herpesviruses
and have only modest sequence similarity to correspond-
ing regions in RAM (Figure 2D).
While RAM residues Arg933-Glu952 are resolved in our
ternary complex structural determination, we observe no
electron density corresponding to RAM residues 953–
1020. Moreover, there is a lack of experimental data sug-
gesting that residues 953–1020 or corresponding regions
in other Notch orthologs interact with CSL or affect tran-
scription. However, sequences within this region, termed
DTS (downregulation targeting sequence) are important
for endocytic trafficking and regulation (Shaye and Green-
wald, 2002). Therefore, we suggest that the RAM domain is
more appropriately defined as an approximately 23-resi-
due CSL-associating segment, which comprises Lin-12
residues 930–952 inC. elegans and similar regions in other
Notch orthologs.
NotchIC ANK Domain and Interaction with CSL
The ankyrin repeat fold consists of a helix (aA) followed by
a turn, a second helix (aB), and a b hairpin loop motifCell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc. 987
Figure 1. The CSL-NotchIC-Mastermind Ternary Complex
Top: orthogonal views of ribbon diagram representation of the ternary complex. CSL is colored according to domain with NTD blue, BTD green, and
CTD orange. NotchIC and Mastermind are colored yellow and black, respectively. The NotchIC ankyrin repeats (1–7) are numbered, and the N/C
termini of the individual protein components are labeled. The figure was created with PyMOL (http://pymol.sourceforge.net). Bottom: a schematic
representation of the protein domains for CSL, Notch, and Mastermind with construct extents numbered and colored as above.(Mosavi et al., 2004). The NotchIC ANK domain was origi-
nally identified as having only six ankyrin repeats by pri-
mary sequence analysis (Bork, 1993), but later experi-
ments predicted NotchIC ANK to contain seven ankyrin
repeats based on cooperative unfolding experiments
(Zweifel and Barrick, 2001). However, crystal structure
determinations for the isolated ankyrin repeat domains
from D. melanogaster (1OT8) and human Notch1 (1YYH)
showed only ordered structure for repeats two through
seven with the first repeat disordered and unobservable
in their structural studies (Zweifel et al., 2003; Ehebauer
et al., 2005). In our studies, the NotchIC construct used
in crystallization of the ternary complex not only shows
that ankyrin repeat one is ordered but also reveals that
there is an unanticipated N-terminal cap structure directly
preceding the first ankyrin repeat (Figures 1 and 3). The N-
terminal cap loosely resembles other ankyrin repeats, al-
beit with a degenerate first helix, and therefore does not
strictly conform to the canonical ankyrin repeat structural
motif (Figure 3). Moreover, primary sequence analysis sug-
gests that the N-terminal cap structure is conserved
among Notch orthologs (Figure S1) and therefore may be
important for stabilizing the fold of the first ankyrin repeat.
In addition, ankyrin repeat one makes substantial contacts
with the CTD of CSL (Figure 1), which along with the afore-988 Cell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc.mentioned RAM-ANK interaction may also stabilize this
repeat in the structure of the ternary complex.
The ankyrin repeats of NotchIC primarily interact with
the CTD of CSL (Figures 1, 4A, and 4B), elucidating an un-
appreciated role for the CTD in CSL function and transcrip-
tional activation. In a similar manner to the binding of
ligands by other ankyrin repeat structures, the CTD binds
deep within the concave surface of ANK (Figures 1, 4A,
and S4A), burying 2,354 A˚2 in surface area with an Sc
(shape complimentarity) of 0.56 (Lee and Richards, 1971;
Lawrence and Colman, 1993). While van der Waals forces
contribute to some degree, electrostatic interactions ap-
pear to play a predominant role in the formation of the
CTD-ANK complex. Prominent electronegative patches
on the CTD molecular surface created by residues
Glu569, Asp571, Glu580, and Glu607 (Figure 4B) directly
interact with electropositive patches on ANK formed by
residues Arg1128, Arg1161, and Arg1208 (Figure 4A).
Central to this electrostatic interaction at the CTD-ANK
interface are the likely salt bridges that are formed be-
tween the absolutely conserved residues Glu580 and
Arg1128 and the highly conserved residues Arg1208 and
Glu607 (Figures 4A, 4B, and S1–S3). Additional contacts
between ANK and CSL are made with the b hairpin of
ANK repeat seven and the NTD and a worm-specific
Figure 2. Detailed View of the CSL-BTD and NotchIC-RAM Interface
(A) Ribbon diagram of RAM-BTD interaction, colored as in Figure 1, shows RAM traversing the surface of BTD and b strand structure formed between
RAM and BTD loop. Ca positions for conserved RAM hydrophobic motif (W945, P947) and the BTD loop hinge residues (G447, L429) are depicted
as spheres for reference. The extreme end of the BTD loop was poorly resolved in our structure and is represented as a dashed line connecting
resolved ends.
(B and C) similar orientation as in (A). (B) Mapping of known CSL mutants that lie near the BTD-RAM interface. Ca positions for human triple mutants
KLV249AAA (KLV456AAA in C. elegans) and EEF233AAA (DNF440AAA), located in the hydrophobic pocket and the BTD loop, respectively, were
shown to derepress transcription and effect corepressor binding (Hsieh and Hayward, 1995; Hsieh et al., 1999). CSL triple mutant IQF306AAA
(IQH516AAA), which also decreases repression, localizes to an additional region of RAM-BTD interaction (Hsieh and Hayward, 1995). A mouse CSL
A235V (A465V) mutant known to impact CIR binding is additionally located near the hydrophobic pocket below RAM (Fuchs et al., 2001). (C) Molecular
surface representation of the RAM-BTD interface showing CSL surface conservation. Conserved basic RAM residues (R933, R935, R937, R938) and
conserved acidic BTD patch corresponding to residues D431, D432, D446 are labeled. The BTD sequence conservation is mapped to the molecular
surface with absolutely conserved residues colored red and >90% conserved residues colored orange (see Figure S2).
(D) Sequence alignment of structurally resolved region of the NotchIC-RAM across multiple species. Yellow squares and green circles denote pos-
itively charged N terminus that interacts with ANK and BTD, respectively. Additional green circles mark the conserved hydrophobic motif. Figures
created with PyMOL and ESPript (Gouet et al., 1999).Cell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc. 989
Figure 3. Structural Comparison of
NotchIC ANK Domains
Overlayed are the Ca traces for C. elegans Lin-
12, yellow, human Notch1 green (PDB code
1YYH), and D. melanogaster Notch, red (PDB
code 1OT8), ankyrin repeat structures. Over-
laying 185 equivalent Ca positions for C. ele-
gans Lin12-ANK and D. melanogaster Notch-
ANK (1OT8) or human Notch1 (1YYH) results
in an RMS distance of 1.48 A˚ and 1.50 A˚, re-
spectively. Repeats are numbered one through
seven with the N-terminal cap structure also la-
beled. Worm NotchIC-ANK has two additional
features in ANK repeats four and five that are
not conserved among Notch orthologs from
disparate organisms; an eight-residue exten-
sion of the b hairpin loop in repeat five and an
insertion of four residues into the first helix of
repeat four, which forms an additional turn of
the helix. Top view looks down the helices of re-
peats 5–7 and bottom view, approximately ro-
tated 60º, looks down the helices of repeats
1–4. Figure created using PyMOL.insertion in the b hairpin of ANK repeat five, which interacts
with the BTD.
The structure of the NF-kappaB/I-kappaB complex has
a similar domain composition to the CSL-ANK interaction
(Huxford et al., 1998; Jacobs and Harrison, 1998), i.e., the
interaction of immunoglobin-type folds with ankyrin re-
peats; however, the arrangement of domains in these
two complex structures is vastly different (Figure S4).
When the ankyrin repeats of NotchIC and I-kappaB are
overlayed (Kleywegt, 1996), the two RHR-C domains
from NF-kappaB bind more peripherally to the concave
surface of I-kappaB as compared to the CTD-ANK interac-
tion, and no similarity in binding is observed (Figures S4A
and S4B). Moreover, the architecture of the NF-kappaB/
I-kappaB is chemically incompatible with Mastermind
binding due to several steric clashes (Figure S4C). Thus,
in the absence of substantial conformational changes
within Mastermind or NF-kB/I-kB, we would not expect
Mastermind to be involved in transcriptional complexes in-
volving Rel proteins.
Mastermind Interaction with the
CSL-NotchIC Complex
While the structures and folds for CSL and the ankyrin re-
peats of NotchIC were known prior to the structural deter-990 Cell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc.mination for the CSL-NotchIC-Mastermind ternary com-
plex, relatively little was known about the structure of
Mastermind. Secondary structure prediction for the region
of Mastermind that is required for ternary complex forma-
tion indicates primarily a helical content (Adamczak et al.,
2005). Within the context of the ternary complex, Master-
mind is composed of two approximately 25-residue a heli-
ces that are separated by a distinct bend in the helical axis,
which is centered around Pro86 (Figures 1 and 4). In addi-
tion, there is an eight-residue extension off of the N-termi-
nal helix that is neither a helical nor b strand in character.
Starting from the N-terminal extension, Mastermind inter-
acts with the second helix of ankyrin repeat two (Figures
4C and 4D), followed by the Mastermind N-terminal helix,
which simultaneously interacts with the CTD of CSL and
ankyrin repeats three through seven of NotchIC (Figures
4C and 4D); finally, the Mastermind C-terminal helix inter-
acts with the NTD of CSL, in which a concave surface
formed by one face of the NTD b sandwich structure
cups the Mastermind C-terminal helix (Figures 4C and
4D). The binding of Mastermind to the ternary complex
buries 4,369 A˚2 with anSc value of 0.48 (Lee and Richards,
1971; Lawrence and Colman, 1993).
The primary sequences of Mastermind orthologs from
disparate organisms are divergent. In particular, the
Figure 4. Electrostatic Surface Analysis of Ternary Complex Interfaces
Ca traces for CSL, NotchIC, and Mastermind are colored as in Figure 1.
(A) Electrostatic surface representation of NotchIC-ANK with Ca traces for NTD, BTD, CTD, and Mastermind are represented. Conserved CTD res-
idues E569, D571, E580, and E607 interact with positive patches on ANK.
(B) Electrostatic surface of CSL with Ca traces for NotchIC and Mastermind. Conserved ANK residues R1128, R1161, and R1208 interact with the
conserved negative patches on CTD formed by residues E569, D571, E580, and E607.
(C) Electrostatic surface of Mastermind with Ca traces for NotchIC and CSL. The location of the absolutely conserved Mastermind residue Y81 is
indicated.
(D) Combined electrostatic surfaces of NotchIC-ANK and CSL with a Ca trace for Mastermind depicted. Mastermind falls into a trench formed be-
tween the interface of NotchIC and CSL. Conserved Mastermind residues (F63, R71, S74, Y81, T96, L99, and R102) that participate in complex for-
mation are shown. Residues H70, R73, A84, and P86 described in the text are also shown. Green and orange arcs show relative positions of CTD and
ANK, respectively, within the molecular surface. Figure created using PyMOL.sequence for Sel-8, the C. elegans Mastermind ortholog,
has little recognizable sequence homology with the mam-
malian Mastermind proteins. However, examination of the
interface formed between Mastermind and CTD, ANK, and
NTD reveals a subset of Mastermind residues that arehighly conserved and intimately involved in ternary com-
plex formation (Figure 4D). This allows for a structure-
based sequence alignment of Mastermind orthologs (Fig-
ure 5). The linchpin of the Mastermind interaction with the
ternary complex involves Tyr81 (Figures 4C and 4D), whichCell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc. 991
is absolutely conserved and packs against Pro588 from
the CTD. Additionally conserved Mastermind interactions
with the ternary complex include residues Phe63, His70,
Arg71, Arg73, and Ser74 in the N-terminal Mastermind he-
lix, which interact with the CTD and ANK, and residues
Thr96, Leu99, and Arg102 in the C-terminal Mastermind
helix, which interact with the NTD (Figures 4A, 4D, and 5).
Interestingly, Mastermind residues Pro86 and Ala84,
which are involved in the bend between N- and C-terminal
helices, are neither highly conserved between orthologs
nor absolutely conserved in the three human Mastermind
paralogs (Figure 5). The helical bend within Mastermind,
in particular Ala84, is in close proximity to the loop be-
tween the first and second helices of ankyrin repeat seven,
providing a structural explanation for the importance of an-
kyrin repeat seven in transcription (Jeffries et al., 2002). We
expect that the sequence variation located at the bend
would impact the degree to which the N- and C-terminal
helices are bent with respect to one another, potentially
influencing the affinity of Mastermind for the complex. In
particular, substitutions that introduce b branched resi-
dues at the bend, such as valine (Figure 5), may produce
more pronounced changes in bend angles than other sub-
stitutions at these positions. It should also be mentioned
that we would expect Mastermind to have a similar helical
structure prior to formation of the CSL-NotchIC-Master-
mind ternary complex as all of the residues in Mastermind
have Phi/Psi angles that fall within the most favored or ad-
ditionally allowed regions of a Ramachandran plot; how-
ever, the bend angle may not be preserved, and residues
outside of the Mastermind construct used for crystalliza-
tion could influence its structure prior to its interaction
with the complex.
CSL Conformational Change upon Complex
Formation
In order to understand the conformational changes that
occur within CSL upon ternary complex formation, we
compared CSL in the CSL-NotchIC-Mastermind ternary
complex bound to DNA versus DNA-bound CSL (Figure 6)
(Kovall and Hendrickson, 2004). As mentioned previously,
the DNA components from the two complex structures
overlay with a high degree of similarity. We therefore
used the overlayed DNAs as the point of reference for
comparing the relative domain arrangements for the NTD,
BTD, and CTD of CSL. The comparison of CSL structures
reveals a striking conformational change with respect to
the dispositions of the NTD, BTD, and CTD (Figure 6).
The largest overall shift in domain orientation occurs in
CTD, with a 12 A˚ maximal shift between equivalent CTD
positions (Figure 6). Similarly, but to a lesser degree, shifts
up to 4 A˚ are observed in the BTD (Figure 6). The NTD,
overall, shifts very little compared to the movements of
CTD and BTD. In fact, the interdomain CSL conformational
change can be described as movements of the CTD and
BTD around the ends of NTD, bringing the CTD and BTD
domains in closer proximity by approximately 4 A˚.992 Cell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc.We expect that the conformational changes observed
within CSL are a direct result of ternary complex formation
and not due to crystal packing forces. The CTD of CSL
makes only a minimal contribution to crystal-packing inter-
actions, whereas the ankyrin repeats of NotchIC along with
the DNA make up the majority of the interactions that com-
pose the crystal lattice. Despite its central role in crystal
packing, the overall structure of ANK is essentially un-
changed as compared to the human and D. melanogaster
ANK structures. Thus, it is unlikely that crystal-packing
forces are deforming the native structure of ANK or being
transmitted to the CTD of CSL. Moreover, we have multiple
data sets from crystals of the CSL-NotchIC-Mastermind-
DNA complex that vary up to 11 A˚ along the c-axis of the
unit cell but show identical conformations of CSL within
the ternary complex. Additionally, we have preliminary
structural data for a complex containing only the RAM do-
main of NotchIC with DNA bound CSL (unpublished data)
that is in a completely different crystal form. The prelimi-
nary CSL-RAM complex structure does not display the
substantial conformational changes in its NTD, BTD, and
Figure 5. Structure-Based Sequence Alignment for N-Termi-
nal Region of Mastermind
Sequence alignment for Mastermind proteins from C. elegans, mouse,
human, X. laevis, and D. melanogaster corresponding to the construct
used for the structural determination. Absolutely conserved residues
are boxed red, and similar residues are in red text. Numbering is for
Sel-8. The N-terminal and C-terminal Mastermind helices encompass
residues Leu60-Lys83 and Arg87-Val112, respectively. Below the se-
quences, orange and cyan circles highlight interactions with CSL CTD
and NTD, respectively. The yellow box highlights a NotchIC-ANK inter-
action discussed in the text. Secondary structure elements above se-
quences are for Sel-8 Mastermind calculated using DSSP (Kabsch and
Sander, 1983). Figure drawn using ESPript (Gouet et al., 1999).
Figure 6. CSL Conformational Change
Ca traces are colored gray for CSL-DNA (1TTU) structure and by domain for CSL in the ternary complex structure. (A) and (B) show different orien-
tations of the overlayed CSL structures. As points of reference, equivalent Ca residues G574 of the CTD and D440 of the BTD loop are depicted as cpk
spheres. Residue D440 within the BTD loop moves approximately 29 A˚ in the context of the ternary complex and secures interactions with the RAM
domain. G574 of the CTD shifts approximately 12 A˚ in its position between the overlayed structures.CTD that are observed in the context of the CSL-NotchIC-
Mastermind ternary complex, and it is more similar to the
structure of DNA bound CSL. Taken together, these data
indicate that crystal-packing forces are not significantly
influencing the conformational changes observed within
CSL upon ternary complex formation.
Structural Implications for Signaling
CSL is the primary regulator of transcriptional activation
and repression from Notch target genes. CSL function is
mediated by interactions with transcriptional coregulator
binding partners. Although a displacement mechanism
has been proposed, in which NotchIC binding of CSL dis-
places corepressors and recruitment of Mastermind to the
ternary complex activates transcription, it is entirely un-
clear at the molecular level how this mechanism occurs.
In order to address structurally the nature of the CSL-
NotchIC-Mastermind ternary complex, we have crystallized
Notch pathway components from C. elegans (Lag-1, Lin-
12, Sel-8). While Lag-1 has not been explicitly shown to
be a repressor, it is highly conserved with fly and mamma-
lian CSL in all of the domains that we have defined structur-
ally. Worms also encode conserved corepressors such as
CIR and CtBP (C-terminal binding protein). Moreover,
when mutations that disrupt corepressor interactions
with mammalian CSL are mapped onto our ternary com-
plex of the worm proteins (Figure 2B), there are striking
correlations regarding functionally important structural el-
ements and RAM binding. Therefore, we expect that theconserved nature of the herein described structural find-
ings regarding CSL function will apply universally to Notch
signaling in all organisms.
Based on our structural findings for the CSL-NotchIC-
Mastermind ternary complex bound to DNA, we propose
the following molecular details that underlie the conversion
of CSL from a repressor to an activator of transcription.
The initial NotchIC interaction with CSL involves the RAM
domain binding to BTD, which would have two important
effects: (1) RAM domain binding to BTD increases the local
concentration of NotchIC, thereby increasing the likeli-
hood of forming the three-way CSL-NotchIC-Mastermind
complex; and (2) RAM-induced conformational changes in
the BTD loop are expected to impact the association of
SMRT/N-CoR and CIR corepressors with CSL. RAM be-
comes dispensable when ANK is overexpressed, presum-
ably because the increased nuclear concentrations of
NotchIC overcome the low probability of ternary complex
formation; however, under physiological conditions in
which nuclear NotchIC is difficult to detect (Schroeter
et al., 1998), the presence of the RAM domain would favor
formation of the active transcription complex. Following
NotchIC tethering via RAM to CSL, Mastermind binds to
the complex primarily through interactions with the CTD
of CSL and the ankyrin repeats of NotchIC but also through
conserved contacts with the NTD of CSL. Formation of the
ternary complex induces a substantial structural change in
the disposition of all three domains of CSL in which the
BTD and CTD move toward one another. SMRT/N-CoRCell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc. 993
and CIR corepressors are displaced either by the interac-
tion of RAM with the BTD loop, the CSL conformational
change observed upon complex formation, or a combina-
tion of both. The conformational change of the resulting
CSL-NotchIC-Mastermind ternary complex may also be
important for the recruitment of general transcription fac-
tors and subsequent transcriptional activation. An impor-
tant unresolved question is the molecular nature of the
complexes formed between CSL and corepressors.
Clearly, the BTD is important for this interaction, but do
NTD and CTD contribute as well? Moreover, do further
conformational rearrangements of CSL occur upon core-
pressor binding? Do the unrelated corepressors SMRT,
CIR, and SHARP bind CSL in a similar manner or use differ-
ent interaction surfaces to mediate repression? What role
do posttranslational modifications such as phosphoryla-
tion, ubiquitylation, and acetylation play in the conversion
of CSL from a repressor to an activator? Finally, it should
be mentioned that DNA binding appears to be unper-
turbed in the formation of the ternary complex, suggesting
that the affinity and specificity of CSL for DNA do not play
roles in the transcriptional activation of Notch target
genes, which is consistent with the dual functional role of
CSL in both repression and activation of transcription
from Notch targets.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification
Available amino acid sequences of CSL, Notch, and Mastermind for
various organisms were aligned and compared to determine core, con-
served regions with defined secondary structure. Compared to its or-
thologs, a construct from theC. elegansCSL protein, Lag-1, was found
to have several advantages in terms of expression, solubility, and yield.
A construct encoding Lag-1 residues 192–663 was cloned into the
pGEX-6P-1 vector, and its overexpression/purification from bacteria
has been previously described (Kovall and Hendrickson, 2004). Similar
constructs for Lin-12 Notch intracellular domain, residues 931–1301,
containing RAM and ANK domains, and an N-terminal domain of Sel-
8 (Mastermind), residues 49–132, were cloned into pGEX-6P-1. All vec-
tors were transformed into Novagen Rosetta2(DE3)pLysS cells for
overexpression in bacteria. Lag-1, Lin-12, and Sel-8 proteins were pro-
duced using standard overexpression and column chromatography
purification techniques. Typical final purified protein yields for Lag-1,
Lin-12, and Sel-8 were 0.7, 2, and 5 mg per liter of bacterial culture, re-
spectively. Selenomethionyl labeled CSL (Se-CSL) and NotchIC (Se-
NotchIC) were produced using a nonauxotrophic protocol (Doublie,
1997) and purified in a similar manner to native proteins.
Crystallization and Structure Determination
A duplex DNA containing a CSL recognition motif was produced by
annealing synthesized 15-nucleotide sense and antisense strands,
50-TTACTGTGGGAAAGA-30 and 50-AATCTTTCCCACAGT-30 respec-
tively, producing an oligo (15mer-TT/AA) with TT and AA overhangs.
The combination of purified CSL, NotchIC, and Mastermind proteins
with 15mer-TT/AA DNA duplex in a 1:1.1:1.1:1.1 molar ratio was sub-
jected to sparse matrix crystallization screening with a Hampton Re-
search Index Screen Kit to determine initial crystallization conditions.
Subsequent under-oil microbatch optimization of conditions produced
crystals up to 400mm200mm200mm in 100 mM BisTris pH 5.5, 150
mM ammonium acetate, 10% ethylene glycol, and 18% PEG 10K.
CSL:NotchIC:Mastermind:DNA crystals were transferred into mother
liquors supplemented with increasing concentrations of ethylene glycol994 Cell 124, 985–996, March 10, 2006 ª2006 Elsevier Inc.cryoprotectant. The crystals belong to the orthorhombic spacegroup
P212121, with unit cell dimensions of a = 64 A˚, b = 96 A˚, and a variable
c-axis of 236-247 A˚. Similarly, Se-CSL:NotchIC:Mastermind:DNA and
CSL:Se-NotchIC:Mastermind:DNA crystals were grown and cryopro-
tected. Heavy atom-derivatized complex was obtained by soaking
crystals in mother liquor containing KAu(CN)2 and thimerosal com-
pounds. The crystals were frozen in liquid nitrogen, and data were col-
lected at the Advanced Photon Source, beamlines 17 and 22ID (Table
S1). All data were integrated and merged with HKL2000 (Otwinowski
and Minor, 1997).
Since theC. elegansCSL-DNA (1TTU) andD.melanogasterANK do-
main (1OT8) structures were available, the Phaser molecular replace-
ment (MR) program was executed using these two models (Read,
2001). Experimental density was of good quality for Notch, DNA, and
most of CSL, but density surrounding the CSL C-terminal domain
was poor, and there was no convincing density for Mastermind. Subse-
quently, the Modeller program was used to map the Lin-12 Notch se-
quence onto the ANK domain model (Marti-Renom et al., 2000), and
the CTD of CSL was defined as a separate model for MR. The new
MR solution reoriented CSL and revealed convincing density for Mas-
termind. To validate the new MR solution, crossphasing in CNS was
used with heavy atom-derivative datasets (Brunger et al., 1998). Our
thimerosal dataset revealed 9 strong mercury sites located at accessi-
ble cysteine residues; our gold dataset revealed three strong and two
weak gold sites associated with a separate set of cysteine residues.
Crossphasing into our Se-NotchIC complex data revealed 13 strong
and one weak selenium sites in anomalous difference maps corre-
sponding to the 14 methionines in our Lin-12 NotchIC construct. Cross-
phasing into our Se-CSL complex data revealed 3 strong and one weak
selenium sites in anomalous difference maps. Datasets were merged
with CCP4 Collaborative Computational Project, Number 4 (CCP4,
1994) and input into SHARP (delaFortelle and Bricogne, 1997) for de
novo phase determination. SHARP refined nonisomorphism parame-
ters and heavy atom positions from our two derivatives and selenome-
thionine-labeled complexes to produce interpretable, nonbiased elec-
tron density maps after solvent flattening was applied.
Model Building and Refinement
Starting with the Phaser MR solution structure and experimental
phases from SHARP, structural errors and the location of Mastermind
and NotchIC-RAM were located in 1Fo-Fc electron density maps
calculated in CNS. Missing and misplaced parts of the model were
traced with Xfit and O (Jones and Kjeldgaard, 1997; McRee, 1999). Us-
ing CNS, the model was refined against phase-probability weighted
structure factors with all available data (50—3.1 A˚). The final refinement
included groupedB-factor and geometry minimizations (Table S1). The
final refined model consists of CSL residues 195–267, 278–311, 319–
372, 380–433, and 440–663, NotchIC residues 933–952 and 1021–
1297, Mastermind residues 52–114, and 15-mer DNA duplex. Quality
assessment for the structure was performed with PROCHECK (Las-
kowski et al., 1993). Over the 823 resolved amino acids, the model
has 67.8%, 27.3%, and 4.3% of the phi-psi angles within the respective
most favored, additionally allowed, and generously allowed regions of
the Ramachandran diagram; four residues are in disallowed regions.
Supplemental Data
Supplemental Data include five figures, two tables, and References
and can be found with this article online at http://www.cell.com/cgi/
content/full/124/5/985/DC1/.
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